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We investigate the properties of short and long gamma-ray burst jets
launched from accreting black holes. We run the numerical general rel-
ativistic simulations in a magneto-hydrodynamic setup and we study the
connection between properties of the jet and the accretion disk as its central
engine. Our simulations show that the formation of magnetically arrested
disk state is important for the jet launching process. The variability of
the jets as measured at their base is intrinsically related to the timescales
of magneto-rotational instability in the accretion disk. In addition, mag-
netically driven winds from the accretion disk influence the jet properties
and, in some cases, may lead to its quenching. Finally, in short GRB en-
gines, these winds are sites of r-process nucleosynthesis and contribute to
the kilonova signal, observed at longer wavelengths after the prompt GRB
emission.
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1. Introduction

Accreting black holes act as the central engines of various observed astro-
physical phenomena such as gamma-ray bursts, quasars, and blazars. The
multi-wavelength observations of the accretion systems show different kinds
of outflows. The collimated outflows usually referred to as jets are sites of
emission of high-energy photons with spectral energy distribution peaking
in the gamma-ray band and characterized by rapid variability (see [1] for
a review on GRBs, and [2]| for a discussion of blazar samples observed by
Swift). Strong gravity acts on the accreting material in such systems due
to the presence of a compact central object. The central object can either
be a neutron star, a stellar mass black hole (~ 3 to 20Mg, in the case of
black hole X-ray binaries or gamma-ray bursts), or a super-massive black
hole (~ 10° to 1019M), in the case of active galactic nuclei). Relativistic
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jets are believed to be powered by the Blandford—Znajek mechanism |[3],
which can extract the rotational energy of the black hole. This mechanism
requires a poloidal magnetic field built up in the vicinity of the black hole
due to continuous accretion.

Jets in Active Galaxies and GRBs are powered by accretion of magne-
tized plasma. Charged particles gyrate around the magnetic field lines and
produce synchrotron radiation. The strength of magnetic field depends on
various environmental factors in the vicinity central engine. The turbulence
in accretion flows can result in the magneto-rotational instability (MRI) [4],
which transports angular momentum outwards in the disk and effectively
drives accretion.

On the other hand, if the plasma is threaded by a large-scale magnetic
field, the inflow of matter to the central engine can be affected in a different
way. This can occur due to a variety of reasons, such as dragging the external
magnetic field with the flow, or the field inheritance from the past history
of the progenitor or host. In such cases, the central object accumulates a
large amount of poloidal flux as the accretion proceeds. The accumulated
flux cannot fall into the black hole, only matter can fall in. This flux cannot
escape either, due to the inward pressure of accretion. The structure is
then regulated by the interchange instabilities. Thus, the infalling matter
is arrested due to the action of magnetic fields and further accretion is only
possible in shorter episodes. For achieving the MAD state, the simulation
must enforce a substantial accumulation of magnetic flux over time. Such a
state is often termed as magnetically arrested disk (or MAD) [5, 6].

The class of short gamma-ray bursts originates from binary neutron star
mergers. This theoretical prediction has been proven for the first time by the
gravitational wave detection from the source GW 170817 |7], which preceded
a short gamma-ray burst observed 1.7 seconds later on. Radioactivities from
dynamical ejecta after the first neutron disruption may power an electromag-
netic signal [8-10]. The subsequent accretion can provide bluer emission, if
it is not absorbed by precedent ejecta [11]. In this case, a day-timescale
emission comes at optical wavelengths from lanthanide-free components of
the ejecta, and is followed by week-long emission with a spectral peak in the
near-infrared (NIR). This two-component model fits well with observations
of the kilonova, detected in coincidence with the GRB-GW 170817 source.

2. Numerical modelling

2.1. Code

In order to study the formation and evolution of jets, we compute the
structure and evolution of a black hole accretion torus by evolving the general
relativistic magnetohydrodynamic (GRMHD) equations in time. We use
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the HARM (High Accuracy Relativistic Magnetohydrodynamics) code [12]
which is a conservative and shock- capturing scheme. The numerical scheme
advances the conserved quantities from one time step to the next by solving
a set of non-linear equations, in each time step. We follow the flow evolution
by solving numerically the continuity, energy-momentum conservation, and
induction equations in the GRMHD scheme

Vu(put) = 0, V. (T") =0, Vi (u’b —uhb”) =0, (1)
T" = T+ Thyy s (2)
Thae = phuu” +pg"” = (p+u+ p)u'u” + pg"”, (3)
Tiy = bPubu” + §0°gH — 00", b = u P (4)

Here, the stress-energy tensor is comprised of the gas and electromagnetic
terms, u* is the four-velocity of the gas, u is the internal energy, p is the
density, p is the pressure, and b* is the magnetic four vector. F' is the
Faraday tensor and in a force-free approximation, we have E,, = u”F* = (.
The unit convention is adopted such that G = ¢ = M = 1 and thus the black
hole mass will scale the simulations (e.g. gravitational radius ry = GMpn/ c?
or time tg = GMpn/c?).

2.2. Simulation setup

Our initial condition for the simulation assumes a pressure equilibrium
torus as described by Fishbone and Moncrief [13]. In this solution, the
angular momentum along the radius of the disk is a constant. In our model,
we use a polytropic equation of state, p, = K p7, where p, is the gas pressure,
p is the density, and K is the constant specific entropy. We use the value of
4/3 for the polytropic index ~.

We study a sequence of models with various Kerr parameters, a = 0.9,
and a = 0.6. We run simulations in 3D with a resolution 288 x 256 x 256
in the r, 6, and ¢ directions, respectively. The outer edge of the grid is
located at R,y = 10° gravitational radii, and inner radius is located at
Rin = 0.87 x (1. + /(1. — a?)), below the black hole horizon. The numerical
code works in the Kerr—Schild coordinates, which enables the matter to
smoothly accrete under the horizon, without being affected by singularities.
The numerical grid is non-uniform, and a progressively sparser grid starts at
Ry, = 400, with xz(l) = xl@l +1/C x dz, where dz = xgl) — (log(Ry,: — Ro))*.
We use C' =1 to limit the hyper-exponentiation.

The initial size of the disk is prescribed using the inner edge of disk,
and the radius of pressure maximum and they have the values ry, = 6 and
Tmax = 13.57g, respectively. The relative difference of the two radii deter-
mines also the dimension of the torus and the specific angular momentum
value, which in the Fishbone—Moncrief solution is constant over radius. For
our parameters, it is equal to lspec = 4.397.
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The initial torus is embedded in a poloidal magnetic field, prescribed
with the vector potential of

to= (L) (5)

Pmax

where p is the density in the torus (averaged over 2 neighbouring cells), pmax
is the density maximum, and we use pg = 0.2. The factor of r® ensures that
higher magnetic flux will be brought onto the black hole horizon from larger
distances, as the evolution proceeds. Other spatial components of the initial
vector potential are zero, A, = Ay = 0, hence the magnetic field vector
will have only B, and By components. The vector potential is related to
the Faraday tensor, F,, = 0,4, — 0,A,, and hence we get the magnetic
field ‘four-vectors’ with b* = —* FH*y,,. It is related to the normal observers
magnetic field vector, as B* = a*F* where a = 1/gy is the lapse (note
that there is no time component of B*).

We use the plasma [-parameter, which is defined as the ratio of the
gas-to-magnetic pressure, 5 = Pgas/Pmag, t0 scale the initial magnetic field.
Here, pgas = (7 — 1)tumax and Pmag = b2 ../2, where upay is the internal
energy of the gas at the radius of maximum pressure. We normalize 3 to a
chosen value at the radius of maximum gas pressure, rmax inside the torus.
Initial 8 is a free parameter of our model. We examine several models with
different minimal initial 8 of the plasma: the tested values were 30, 50,
and 100.

The code works in dimensionless units ¢ = G = M = 1. For the purpose
of these computations, we keep the scaling, and the black hole mass M does
not change during the simulation. In physical scales, the GRB engines are
modelled with mass of the black hole Mgy, the torus mass, which gives
the scaling of distance, time, density, and accretion rate of the infalling
matter. For GRB engines, we adopt the density scaling that is constrained
by the mass of torus enclosed in the simulation volume so that Dy, =
Munit/Limt = 3.45 x 10" g em™3, where Mni; scales the total mass of the
torus, and Lyyuit = 7 is scaled by the black hole mass. The magnetic flux is
then normalized with ®upit = VAT Dynicc2 L2 .. = 1.042 x 10'® Gs cm?.

unit

3. Results

The accretion flow under the influence of the initially poloidal magnetic
field is subject to the turbulence and the matter starts falling inward to the
central object due to transport of angular momentum outwards by the MRI.
The accreting plasma brings in more poloidal magnetic flux to the black hole.
This flux gets accumulated and after some time it hinders with the accretion
and the disk gets arrested.
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The structure of the flow in the evolved state is shown in Fig. 1. We
present polar and equatorial slices taken at the mod time of the simulation
of a GRB central engine. Parameters of this model are a = 0.3 and 8 = 100.
We show the cuts of a small region of 107, from the black hole (bottom pan-
els), and the cuts showing large regions, up to 100y (top panels). As shown
in these maps, the magnetically arrested flow appeared in this simulation,
and forced the accretion to proceed via the azimuthally distributed ‘fingers’,
surrounding the black hole and entering its horizon. The zoomed equatorial
plots show that the magnetic field lines are pulled into the black hole within
the low-density regions, while the high-density fingers are pushing out the
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Fig.1. (Colour on-line) Maps of the density isocontours in the equatorial plane XY
(left column) and in the polar plane XZ (right column). Top panels are scaled to
a distance of 100 rg, while bottom panels are zoom-in and show the region within
10 rz. The model represents a central engine composed of a spinning black hole
and magnetically arrested disk. Its parameters are gas-to-magnetic pressure ratio
B = 100 and black hole spin @ = 0.3. The color maps are in logarithmic scale and
are taken at the intermediate time of the simulation, at ¢ = 25,000t, (in geometric
units, i.e., equivalent to ~ 0.3 seconds for Mpy = 3Mg). Streamlines show the
magnetic 3-vector configuration.
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magnetic fields. Thus, the magnetic tension can locally push the gas out
and suppress the accretion rate, while in the denser regions, the matter pre-
vents the flux from entering the horizon. We also note that when the jet
forms, there appear hot luminous regions near the black hole rotation axis,
which have a very low baryon density and a vertically oriented magnetic
field. These polar regions represent bi-polar jets, with the luminosity that
depends on the black hole spin.

In Fig. 2, we show the time-dependence of the so-called MAD-ness pa-
rameter, i.e. the ratio of the mass and magnetic flux through the black hole
horizon. This dimensionless flux is given by the relations

o = — [ pu =506, (6)
— / BV =gd0ds. (7)

and

_ Ppu
¢BH—\/77TBH. (8)

As shown in Fig. 2, the magnetic flux that has been dragged to the black

hole vicinity, grows high enough to capture the accretion flow. Hence, the
ratio of the mass and magnetic fluxes remains constant and larger than
¢BH ~ 10 for most of the simulation, after the initial condition is relaxed.
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Fig.2. (Colour on-line) Time dependence of the so-called MAD-ness parameter,
¢BH, given by Eq. (8). Blue (black) lines denote the models with initial gas-to-
magnetic pressure ratio § = 100, cyan (light grey) lines present results for 5 = 50,
and green (grey) lines denote 8 = 30. Black hole spin parameter in all models is
a=0.9.
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We investigate the evolution of the jet by studying the jet energetics
parameter

p= =T /pu’ (9)

which is the total plasma energy flux normalized to the mass flux. Here, T} is
the energy component of the energy-momentum tensor, p is the gas density,
and u" is the radial velocity. Figure 3 shows the structure of the jet depicted
as a distribution of its energetics parameter p. It is taken at a specific time
snapshot in the mid-time of the simulation, i.e. ¢ = 25,000¢,. We plot the
jet structure along two different ¢ slices and show that the structure is not
axisymmetric. It can be observed from these plots that the jet emission is
not continuous but intermittent. Note that such a jet emission is observed
along with the MAD state where the accretion proceeds in short episodes
rather than in a continuous flow of matter to the central object.
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Fig. 3. Profiles of jet energetics, defined by p-parameter, see Eq. (9), for the GRB
model with high spin, @ = 0.9 and 8 = 50. The maps show profiles taken at
two opposite azimuthal angles, @ = 0 and ¢ = 7. Snapshots are taken at time
t = 2.5 x 10*,.

The power of the jet is computed using an estimate of the Blandford—
Zmajek process, where the rotating black hole is surrounded by a force-free,
magnetized plasma. We use the formula given by [14]

Ppy = — / (b*u'uy — b"by) dA, (10)

T=Th
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so that we integrate the radial part of electromagnetic flux over the surface of
black hole horizon. In the above formula, we neglect the matter component,
assuming a force-free approximation. For a steady, uniform outflow, this
expression gives the radial Poynting energy flux measured by a stationary
observer at a large distance from the black hole. We notice that the BZ
power is positive only if the energy can be extracted to the remote jets
from the black hole, so only the flux with a negative sign (i.e. entering the
horizon) will contribute to it. Otherwise, there is no energy extraction from
the black hole via the BZ process.

In Fig. 4, we show the GRB jet power as a function of time. We present
the simulations with black hole spin a = 0.9 and we show the power (in
code units) for various disk magnetisations. We find that strong powerful
jets are emitted in most models with high black hole spin, and that the jet
power depends on the initial disk magnetisation. The initial power of the
jet is small, then, after a transient peak due to fast accretion, it aims to
reach an equilibrium value and, finally, it drops by 2-3 orders of magnitude
by the end of the runs. For the smallest initial S-parameter, the jet is weak,
and it gets quenched at the mid-time of simulation (its BZ power drops to
zero). The same occurs with the jet emitted in 8 = 50 case, albeit only at
the end of the run. This behaviour is correlated with the decrease of the
dimensionless magnetic flux, ¢y (cf. Fig. 2), which means that the MAD
state is not sustained in these models, apart from the case of 8 = 100.
Strikingly, a large initial gas pressure brings more magnetic flux to the black
hole and helps in sustaining a powerful, steady jet.

On the other hand, larger magnetic pressure seems to have an impact
on the disk winds. In the currently presented 3D simulation, we do not
include a quantitative measure of the disk wind (we used tracer particles in
our 2D simulations, see the next section). However, we aim to qualitatively
estimate the power transferred to the equatorial winds, and check whether
it depends on the model magnetisation. In Fig. 5, we plot the mass outflow
rate through the outer boundary as a function of time for several simulations
of the GRB central engine. As shown in the figure, the mass outflow is
negligible at the beginning of the simulation, when the initial condition of
the pressure equilibrium torus is being relaxed. However, after some 0.3
seconds (which corresponds to about 20000¢,), the outflow rate value is
larger and some mass is left from the system via winds. At the end of the
simulation, the outflow rate is again below 1073Mgs~!. We notice that
both higher black hole spin and higher magnetic pressure result in more
powerful outflows, and the maximum amplitude of the mass loss rate during
the simulation scales with these parameters. This is qualitatively consistent
with the findings by [15], where the winds were studied in the context of
r-process nucleosynthesis.
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Fig.4. (Colour on-line) Power of the Blandford—Znajek process, calculated from
Eq. (10), as a function of time. We present models of GRB engine with high black
hole spin a = 0.9. Three colours denote different initial disk S-parameters, shown
with blue (top), red (middle), and green (bottom) points for § = 100, 50, and 30,
respectively.
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Fig.5. (Colour on-line) Mass outflow rate though the outer boundary, for GRB
models with high and low spin, shown in the left and right panels, for a« = 0.9 and
a = 0.3, respectively. Three colors mark different initial gas-to-magnetic pressure
ratio, 3.

4. Accretion disk winds in short GRBs

To study the evolution of a post-merger disk addressed to the engine
of a short GRB, we supplement our computations with a nuclear equation
of state (EOS) module, which substitutes the adiabatic EOS used in the
MAD disk/jet simulations reported above. The microphysics of the torus
formed just after the disruption of a neutron star is determined by the nu-
clear temperatures and densities, hence using Fermi gas EOS and account
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for partial degeneracy of nucleons and electrons or positrons, seems more

physical. What is more important, in this way we can follow the process of

neutronisation of plasma, as quantified by the so-called electron fraction
Ng— — N+

Vo= ———, (11)

Ny

where in the nominator, the number density of electrons and positrons, is
balanced by protons, due to the charge neutrality. The number densities
of all species are given by their Fermi—Dirac distributions over their chem-
ical potentials and relativity parameters, 8; = kT;/(m;c?). The total pres-
sure is contributed by free nucleons, pairs, radiation, alpha particles, and
trapped neutrinos (see details in [15]). The neutrinos which are created
in weak interactions, and also the electron—positron pair annihilation, nu-
cleon bremsstrahlung, and plasmon decay, provide a cooling mechanism for
the accretion disk. In the current model, we use a simplified description of
the total neutrino cooling rate given by the two-stream approximation [16],
which includes the scattering and absorptive optical depths for neutrinos of
the three flavours. The neutrino emissivity distribution image taken at an
evolved state of the torus is presented in Fig. 6. As can be seen in the map,
the accreting torus has a very high neutrino luminosity, but here neutrinos
are partially trapped. A moderately high neutrino luminosity can be ob-
served from the wind, where the neutrino—antineutrino pairs can contribute
to the heating of the plasma. A detailed calculation with the neutrino trans-
fer is needed to quantify this effect.

Neutrino emissivity t=0.295

1000
1028
1023
1022
1019
1016
1013
1010

A lerg/sicm?3]

800
600
400
200

0

Fig.6. Neutrino emissivity distribution in the evolved short GRB engine model.
Model parameters are gas-to-magnetic pressure ratio § = 10 and black hole spin
a = 0.6.
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We show that the accretion disk launches fast wind outflows, v ~(0.11-
0.23) ¢, with a broad range of electron fraction Y. ~ (0.1-0.4). The mass loss
via unbound outflows is between 2% and 17% of the initial disk mass [15].
The details are sensitive to engine parameters: BH spin and magnetisation
of the disk and more magnetized disk produce faster outflows, as shown
in Fig. 7. The plot shows velocity of the wind averaged over about 1000-
2000 tracer particles, which were recorded as leaving the outer boundary
of our central engine computational domain, and the extrapolated to later
times. The results account for heating feedback, calculated from the nuclear
reaction network.
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Fig.7. (Colour on-line) Time dependence of wind velocity in short GRB models.
Black (2) and blue (1) lines denote the models with initial gas-to-magnetic pressure
ratio § = 10, green (4) and red (3) lines present results for 8 = 100. Black hole
spin parameter was a = 0.6 and a = 0.9, respectively.

To follow the nucleosynthesis process, we used code SkyNet, which pro-
vides a nuclear reaction network [17]. The software contains a large database
of over a thousand isotopes and computes nuclear reaction rates for a given
density, temperature, and electron fraction value. It is capable to trace the
nucleosynthesis in the rapid neutron capture process, including self-heating.

We found that the accretion disk ejecta produce heavy elements up to
mass number A ~ 200, including platinium and gold isotopes, as shown in
Fig. 8. These wind outflows should presumably contribute to the kilonova
signal, due to radioactive decay of unstable r-process isotopes, synthesized
under the high neutronisation conditions in these ejecta.
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Fig.8. (Colour on-line) The abundance pattern of the elements synthesized in the
accretion disk wind. Blue points denote the solar abundance pattern. Red line
represents the average abundance distribution of elements synthesized in the disk
wind via r-process. Model initial gas-to-magnetic pressure ratio is § = 10, and the
black hole spin parameter is a = 0.9.

5. Conclusions

We study both 2D and fully 3D general relativistic numerical simulations
of accretion flows of a magnetically arrested state of accretion disk. We find
that they adequately describe engines of gamma-ray bursts. Our 3D simu-
lations adopt an adiabatic equation of state that neglects the microphysics
effects and are performed in a dimensionless setup. The variability modelling
is based on the fact that the timescales of flares and the time variability of
energy injection to the jets are scaled with geometric time, t; = G Mgpc3.
Therefore, they can be directly compared to the variability of gamma-ray
emission in long and short GRBs down to millisecond timescales, and corre-
lated with the burst duration [18]. In the study presented in detail by [19],
we explain an observed correlation between the jet Lorentz factor and the
minimum variability timescale of GRB, which was observationally motivated
by the work of [20].

The variability of prompt emission of GRBs is related to both the vari-
ability of the central engine itself, or to the interaction of the jet with the
progenitor star envelope in a long GRB case [21|. The engine and jet base
variability is driven by magneto-rotational instability, or interchange insta-
bilities in MAD disks, which we cover in the presented simulations. The jet
may also interact with the disk winds, which are expected to accompany
the short GRB prompt phase. As our results show, such an interaction
can occur only for a limited period of time, when the wind mass loss rate
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is largest and when the jet can be partially or completely chocked. The
unbound outflows, i.e. winds, are in principle powered by both neutrinos
and magnetically-driven acceleration. Therefore, winds may be more dense
and powerful, if the neutrino-driven mechanism supports or substitutes the
magnetically-driven wind [22].

The MHD simulations show that rotational instabilities have an imprint
on the variability of the jet. The same MHD mechanism drives the disk wind.
The role of disk wind is specifically important for the short GRBs, where the
central engine of the jet is formed after the NS-NS binary merger. The ac-
cretion disk around the newly formed black hole ejects material rich in heavy
radioactive isotopes. They are formed in the rapid neutron capture process
(r-process). The r-process nucleosynthesis in the accretion disk outflows
can provide additional contribution to the kilonova emission, in addition to
the pre-merger ejecta launched in the form of tidal tails. Observationally
testable results, motivated by the recently discovered electromagnetic coun-
terparts of gravitational wave source GW170817, require two-component
modelling.

Finally, we speculate that the jet interactions with wind shape its radia-
tive properties and together with pre-merger dynamical ejecta may explain
time-delay between GW and GRB signals. This can be an alternative ex-
planation of the timescales, apart from the commonly adopted lifetime scale
of the hypermassive neutron star, which might have formed before the black
hole was created.

This work was supported by grant 2019/35/B/ST9,/04000 from the Na-
tional Science Center, Poland (NCN). We used computational resources of
the ICM of the University of Warsaw, and the PL-Grid, under grant plggrb5.
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